We cloned and sequenced the second gene coding for yeast ribosomal protein 51 (RPSIB). When [202][203][204][205][206][207][208][209][210][211] 1983), were used to generate haploid strains containing mutations in the RP51A or RP51B genes or in both. Strains missing a normal RP51A gene grew poorly (180-min generation time versus 130 min for the wild type), whereas strains carrying a mutant RPSIB were relatively normal. Strains carrying mutations in the two genes grew extremely poorly (6 to 9 h), which led us to conclude that RP51A and RP51B were both expressed. The results of Northern blot and primer extension experiments indicate that strains with a wild-type copy of the RP51B gene and a mutant (or deleted) RP51A gene grow slowly because of an insufficient amount of RP51 mRNA. The growth defect was completely rescued with additional copies of RPSIB. The data suggest that RP51A contributes more RP51 mRNA (and more RP51 protein) than does RP51B and that intergenic dosage compensation, sufficient to rescue the growth defect of strains missing a wild-type RPSA gene, does not take place.
(R. J. Rothstein, Methods Enzymol. 101:202-211, 1983), were used to generate haploid strains containing mutations in the RP51A or RP51B genes or in both. Strains missing a normal RP51A gene grew poorly (180-min generation time versus 130 min for the wild type), whereas strains carrying a mutant RPSIB were relatively normal. Strains carrying mutations in the two genes grew extremely poorly (6 to 9 h), which led us to conclude that RP51A and RP51B were both expressed. The results of Northern blot and primer extension experiments indicate that strains with a wild-type copy of the RP51B gene and a mutant (or deleted) RP51A gene grow slowly because of an insufficient amount of RP51 mRNA. The growth defect was completely rescued with additional copies of RPSIB. The data suggest that RP51A contributes more RP51 mRNA (and more RP51 protein) than does RP51B and that intergenic dosage compensation, sufficient to rescue the growth defect of strains missing a wild-type RPSA gene, does not take place.
Ribosomal protein genes and ribosomal protein mRNAs have been cloned from a number of eucaryotic organisms (1, 3, 5, 6, 15, 29, 31) . Among the most surprising results of these initial studies is that many of these coordinately controlled genes could be repeated. Most cloned ribosomal protein genes generate multiple bands when used as probes on Southern blots with genomic DNA (16) . Even for yeast cells, only 3 of 23 cloned ribosomal protein genes yield an unambiguous single band of genomic Southern blots, i.e., most of the cloned ribosomal protein genes have one additional genomic region with some nucleic acid homology (6) .
There are a number of possible explanations for the presence of two bands when a single cloned probe is utilized on a genomic Southern blot. The most likely of these is either that one band consists of the real ribosomal protein gene and the other is a pseudogene or that both genes code for ribosomal proteins. The two genes could code for the same ribosomal protein, or they could code for different proteins which share nucleic acid sequence homology. The definition of a single protein can be problematic since two similar, but nonidentical, polypeptides can perform the same function and be interchangeable. In this context, one can point to studies on the duplicated H2B histone genes of yeasts (10, 23, 30) . Were a similar situation to occur for some (but not all) yeast ribosomal protein genes, it would raise the intriguing regulatory problem of how to synthesize equimolar amounts of ribosomal proteins, when some ribosomal protein genes are repeated and others are unique (6, 31) .
To approach this problem for ribosomal protein genes, we cloned and sequenced the second yeast gene coding for ribosomal protein 51 (RP51). When the DNA sequence of the second RPSJ gene was compared with that of the first, the data indicated that the two genes code for proteins of * Corresponding author.
virtually identical primary sequence. The availability of both RP5J genes and the elegant one-step gene disruption techniques of Rothstein (22) allowed us to initiate a genetic analysis of this gene pair.
MATERIALS AND METHODS Bacterial strains and plasmids. Escherichia coli strains HB101 (leu pro thi thr lac YJ Str hsdR hsdM recA) and JM103 [A(lac-pro) supE thi rpsL endA sbcBJ5 hsdR4 F traD36 proAB lacIPZM13] were used to grow and propagate plasmids and M13 subclones, respectively. Plasmids CV9 (18) , YIP5 (27) , and YEP24 (2) were the generous gifts of Mary Ann Osley. mp8 and mp9 phage were obtained from Bethesda Research Laboratories.
Cloning of RPSIB. DNA (5 jig) extracted from Saccharomyces cerevisiae strain A364A (9) was digested to completion with EcoRI and ligated to an equal amount of EcoRI-cut and phosphatased pBR322. Strain HB101 transformants were selected on tetracycline plates. Approximately 104 colonies were screened by using the kinased HindIII-SalI insert from pHS2 by the procedure of Gergen et al. (7) .
pRl-4 was the plasmid isolated by this procedure, and it contains the 6-kilobase (kb) EcoRI fragment described in Fig. 1B. pYI51B is a 3-kb HindIII-EcoRI fragment containing RP51B subcloned into plasmid YIP5. pYE51B was obtained by insertion into pYI51B of the EcoRI fragment from plasmid YEP24 carrying the 2-,mplasmid origin of replication.
Plasmids HA1RF and HA2RF contain the double-stranded forms of the 1.2-kb HaeIII fragment containing RPSB, cloned in opposite orientations into the SmaI site of phage mp8 (14) . Complete digestion of these plasmids with AvaIl and HinclI provided subclones for sequencing, as well as Bal 31 deletions generated from flanking sites in the polylinker. 1871 
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The PvuII-HaeIII fragment was subcloned into mp8 to determine the 5' upstream sequences.
pYISlA is a 3-kb EcoRI-HindIII fragment containing RP5JA subcloned into plasmid YIP5.
Plasmid HFR-4 contains the 235-base pair (bp) HincII fragment from the 3' exon of RP51A subcloned into the SmaI site of phage mp8; the single-stranded insert in the phage is complementary to the coding region of both RP51A and RP51B mRNA.
Construction of plasmids for the generation of mutant RPS1 genes. (i) pHS2LEU. The 2.0-kb SalI-HpaI LEU2 fragment from plasmid CV9 was filled in and blunt end ligated to a partial HincII digest of pHS2. The resulting plasmid pHS2LEU was cut with HindIll and Sall, and the insert was excised and gel purified for transformation into yeast cells. Transformants were selected on minimal plates lacking leucine.
(ii) pHS2URA. The 1.2-kb Hindlll fragment from plasmid YEP24 was filled in and ligated to a complete HincIl digest of an mp9 derivative of pHS2 in which the Sall site was obliterated, generating a deletion of the 235-bp internal HinclI fragment when the URA3 gene was inserted. The resulting replicative form of pHS2URA was cut with HindlIl and EcoRI in the polylinker, and the insert was excised for transformation into yeast cells. Transformants were selected on minimal plates lacking uracil.
(iii) pGOBLEU. The HincIl-HindIll fragment from pHS2 was put into pUC9 cut with HinclI and HindlIl (pUC9-1). The filled-in SalI-HpaI fragment from plasmid CV9 was then ligated into the HincIl site of pUC9-1. The resulting plasmid was cut with SmaI and BamHI, and the EcoRI-filled-in BglII (11) .
RNA extraction and Northern blot analysis. RNA was extracted from 100 ml of culture as described by Rosbash et al. (21) . Northern blot analysis was performed as described by Colot and Rosbash (4 hybrid selection and analysis of the in vitro translation product as coding for RP51. This plasmid was used as a probe in genomic Southern analysis and gave an apparently unique high-molecular-weight band upon digestion of genomic DNA with HindlIl (31) . A single high-molecular-weight band was also obtained upon digestion with BamHI (data not shown). On the basis of these preliminary characterizations, RP51 was presumed to be encoded for by a single gene. More recently, we probed EcoRI-digested yeast genomic DNA with a small subclone of RP51 DNA. Two bands, of 13.5 and 6 kb, were clearly visible ( Fig. 2) , indicating the presence of an additional sequence homologous to the subclone pHS2 used as a probe (Fig. 1A) .
The higher-molecular-weight (13.5 kb) EcoRI fragment had been previously cloned in phage lambda (32) and, on the basis of restriction mapping, corresponds to the RP5 gene originally cloned in pYll-138 (31). This RP51 gene (Fig. 1A) has been subcloned and sequenced (28) . The results of these analyses indicate that this RP5J gene codes for a basic protein of 135 amino acids. The gene is interrupted by an intron of 399 bp which occurs after the initiating methionine, i.e., between the first and second codons. To determine the relationship of the 6-kb EcoRI fragment to the RP51 DNA found within the 13.5-kb EcoRI fragment, an EcoRI digest of yeast DNA was cloned in pBR322, and the transformed colonies were screened with the radioactive SaII-HindIII insert of pHS2 (Fig. 1A) . In this way, the 6-kb EcoRI fragment was identified and analyzed. The restriction map of this fragment (Fig. 1B) bears little resemblance to the restriction map of the larger fragment (Fig. 1A) . By Southern analysis, all of the homology with pHS2 was confined to a 1.2-kb HaeIII fragment which was subcloned in M13 mp8 (14) in both orientations (data not shown). These subclones, and further subclones thereof, were utilized for sequencing as indicated above and in Fig. 1B .
The sequence of this HaeIII fragment and 380 nucleotides from the adjacent PvuII-HaeIII subclone is shown in Fig. 3 Haploid strains carrying either one or two mutant rp5S genes were obtained as indicated in Table 1 . Strains carrying rp5la * Ieu2+ a mutant rp5lb gene, such as PB-8 and PB-9, as well as strain PB-12 carrying a mutant rp5la gene, were obtained by direct transformation of the haploid strains HR125-2D and DB745. Strains PB-10 and PB-11 carrying mutant rp5la genes and strains PB-13 and PB-14 carrying mutations in both rp5la rp5I&a ura3+ and rp5lb were obtained by sporulation and tetrad dissection of the indicated transformed diploid strains (Table 1) .
Successful disruption of the RPSI genes was determined by Southern blot analysis of the DNA extracted from the + various haploid strains (Fig. 5) . Bands a and c of Fig. 5 rpSI/a "Ieu2 correspond to the wild-type copies of RP5SA and RP5IB genes, respectively (Fig. 5, lane 1) . The replacement of RPSlB with rp5lb::URA3 as in strain PB-8 caused the disappearance of band c (Fig. 5) and the appearance of a new band, band b (Fig. 5) , which was larger than band c by the rp51B size of the URA3 gene insertion (Fig. 5, lane 2) . As expected, rp5IO this EcoRI band also hybridized with a URA3 probe (data not shown). The replacement of RPSIA with rpSla::LEU2 caused the disappearance of band a (Fig. 5 ) and the appearance of a smaller band, band d (Fig. 5) , because there was an uro3
EcoRI site within the inserted LEU2 gene. Lanes 4 and S rp51b' ura3
( Fig. 5) show only the RP51B band c, since in the construction of strains PB-11 (lane 4) and PB-12 (lane 5), the Hincll fragment used as a probe was deleted from the rp5la gene the RP51 genes. (Fig. 4) bDetermined at 30°C in completed SD medium as described in the text. ' Obtained by transforming a diploid made by mating strains HR125-2D (a leu2(2-3,112) ura3-52 trpl his3 his4; source, 1. Herskowitz) and HR125-RD (a leu2(2-3,112) ura3-52 trpl his3 his4; source, I. Herskowitz).
d Obtained by transforming strain DBY1091 (a/a ade2l+ his4l+ canl-JOlura3-531 can"ura3-52; source, D. Botstein) with pHS2URA. eaura3-52 adel-100 leu2 (2-3,112) ; source, D. Botstein.
f Obtained by transforming a diploid made from strains PB-8 and PB-9 with pHS2LEU. 9 Obtained by transforming a diploid made from strains PB-8 and PB-9 with pGOBLEU. strain PB-8, had relatively little effect on growth rate. In contrast, the absence of the RPSJA gene resulted in a markedly slow growth rate (180 to 200 min of generation time versus 130 min for the wild type). Strains PB-10, PB-11, and PB-12 carry different mutations of RPSIA, yet all three strains manifested a similar phenotype. The two doublemutant strains carrying mutations in both the RP51A and RP5IB genes have a very pronounced phenotype in that they grow extremely poorly (6 to 9 h of generation time). Thus, although a mutant rp5lb gene had relatively little phenotype in a wild-type background (strains PB-8 and PB-9), there was a striking effect of mutating the RPSIB gene in a strain which 1 To compare the expression of the two genes, Northern blot analysis of RP51 RNA, isolated from wild-type and mutant haploid strains, was performed ( Fig. 6A and B) . RNA from strain PB-8, a strain containing the rp5lb:: URA3 mutant, is shown in lane 2 (Fig. 6) . The size and intensity of the major RP51 transcripts were similar to these characteristic of the wild type (Fig. 6, lane 1) , consistent with the finding that this strain grew normally. A strain carrying a major deletion in the RP5JA gene, rpSlAa::LEU2 (Fig. 6 VOL. 4, 1984 lane 3), had considerably less RPS1 RNA than did the wild type (compare lanes 3 and 1), consistent with the finding that this strain grew poorly, probably due to an insufficient amount of RP51 mRNA (see below). The residual RP51 transcripts in this strain, ca. 30 to 40% of the level found in the wild-type strain by densitometric scanning of this and similar autoradiograms, were products of the RP5IB gene.
Lane 4 (Fig. 6) contains RNA from strain PB-13 and consists of a mixture of aberrant transcripts that fuse RPSA sequences to the LEU2 fragment and RP5IB sequence to the URA3 fragment (see Table 1 ). Presumably, the sizes of these transcripts are determined by the positions and strengths of polyadenylation signals within these fragments. The origins of these fusion transcripts were assigned by comparing lanes 4 and 5 of Fig. 6 in a longer exposure of this filter shown in Fig. 6B . Lane 5 contains RNA from strain PB-14.
Since this strain contains an rp5la deletion and an rp5lb:: URA3 gene, the transcript in lane S can be assigned to the mutant rp5lb gene. This same transcript is also visible in lane 4. The high-molecular-weight rp5lb::URA3 transcript present in lane 2 (RNA from strain PB-8, containing a wildtype RP5IA gene and a mutant rp5lb::URA3 gene) is also present in lane 4, and by subtraction, the other transcripts in lane 4 can be assigned to the mutant rp5la::LEU2 gene also present in this strain. Presumably the transcript visible in lane 5 is also present in lane 2 but not detectable due to the large amount of comigrating wild-type RP51A transcripts. In summary, the structures of the RP51 RNA species observed were consistent both with the structure of the mutant genes shown in Fig. 4 and with the observed phenotypes of the strains.
The molecular phenotypes of the mutants suggest that, in the wild-type strain, the RP5IA gene contributes ca. 60 to 70% of the RP51 mRNA, and the RPSlB gene contributes ca. 30 to 40%. However, this conclusion requires that the level of RP51B mRNA is unaffected by the deletion of the RP51A gene and, therefore, is identical to the level of RP51B mRNA in a wild-type strain, i.e., the amount of RPS1B mRNA visible in Fig. 6 , lane 3, is identical to the amount of RP51B mRNA in Fig. 6 , lane 1. To test this possibility requires the ability to measure separately the levels of RP51A and RPS1B
transcripts. Because our existing gene-specific subclones have very limited homology with mature RP51 transcripts, we decided to exploit primer extension as a means of measuring the levels of individual RP51 transcripts.
A previously described synthetic oligonucleotide (28), the sequence of which is indicated in Fig. 7A , was used to prime cDNA synthesis complementary to RP51 mRNA. The primer was perfectly complementary to RP51A mRNA and had a one-base mismatch with RP51B mRNA. The primer-extended products obtained with wild-type RNA as the template are shown in Fig. 7B , lane 1. Only the RP51A products are easily visible (28) . The RP51B products are very faint, almost certainly a reflection of the lower abundance of these transcripts, the mismatch with the primer, and an even more heterogeneous set of 5' ends. The RP51B-specific products are shown in Fig. 7 , lane 2, where the RNA was prepared from the strain that carries a deletion mutation of rp5la and extrachromosomal copies of RP51B.
To circumvent these difficulties and to visualize specifically RPSB products, we carried out the primer extensions in the absence of dGTP and in the presence of an excess of ddGTP. The strategy, dictated by the DNA sequences shown in Fig. 7A , was designed to stack the heterogeneous cDNA products into two distinct bands, one from RP51A mRNA and the other from RP51B mRNA. (Fig. 7B) . It is likely that the difference in the expression of the two genes is reflected in DNA sequence differences in the noncoding DNA of RPSJA and RPSIB. A comparison of the noncoding regions with the aid of computer programs (20) indicates that there is very little overall homology between the noncoding regions of RPSJA and RPSJB; nevertheless, short homologous regions do exist. These homologies, and their relationship to other ribosomal protein genes, are discussed in detail elsewhere (Teem et al., manuscript in preparation).
The phenotypes of the double mutants, although indicating that RPSJA and RPSJB complement, are somewhat surprising. We expected to be unable to construct these double-mutant strains, i.e., we expected to obtain no viable LEU+ URA+ spores from the diploids PB-6 and PB-15. Viable haploid strains of this genotype were, however, A VOL. 4, 1984 routinely obtained from these diploids. Analyses with Northern and Southern blots indicate that the RP51 genes in these strains are disrupted as they are in the recombinant DNA molecules used to construct them ( Fig. 5 and 6 ; data not shown). Although definitive experiments are lacking at present, preliminary observations suggest that both fusion genes in PB-13 provide RP51 biological activity and that at least one of these two genes is necessary for viability in the absence of a wild-type RP51 gene. This interpretation is consistent with the fact that strain PB-13, containing both fusion genes, grows better than strain PB-14 which contains only a single rp5lb:: URA3 fusion gene and a deletion of rp5la ( Table 1) .
The experiments described in this report represent an initial attempt to understand the relationship between ribosomal protein gene expression and growth rate. The levels of RP51B mRNA do not change in the absence of RP5JA gene expression, even when the cells are growth rate limited by the amount of RP51 mRNA they contain (Fig. 7B) . A comparison of the growth rates and RNA levels suggests, however, that some form of intergenic compensation may take place in the mutant strains.
The rp5la deletion mutants contain 30 to 40% of the wildtype RP51 RNA level (Fig. 6 ), yet these strains grow at ca. 65 to 75% of the wild-type growth rate (180 to 200 min versus 130 min [ Table 1 ]). Although rate limited by the amount of RP51 RNA, they grow better than one might predict based on the amount of RP51 RNA they contain. This anomaly can be reconciled by postulating that the rate-limiting quantity of RP51B mRNA in the mutants is utilized more efficiently than total RP51 mRNA in wild-type strains. The data suggest that the wild-type strains (growing under the conditions described in Table 1 ) utilize RP51 mRNA at an efficiency of ca. 50% as compared with the rp5la deletion strains. Underutilization of RP mRNA in wild-type strains is consistent with results obtained on yeast ribosomal protein gene expression from another laboratory (13, 17) . A further examination of the phenotypes of these and other ribosomal protein gene mutants should provide substantial insight into these regulatory problems.
